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Abstract
We are investigating the co-evolution of galaxies within groups combining
multi-wavelength photometric and 2D kinematical observations. Here we fo-
cus on S0s showing star formation in ring/arm-like structures. We use smooth
particle hydrodynamical simulations (SPH) with chemo-photometric imple-
mentation which provide dynamical and morphological information together
with the spectral energy distribution (SED) at each evolutionary stage. As
test cases, we simulate the evolution of two such S0s: NGC 1533 and NGC
3626.
The merging of two halos with mass ratio 2:1, initially just composed of
DM and gas, well match their observed SEDs, their surface brightness profiles
and their overall kinematics. The residual star formation today “rejuvenat-
ing” the ring/arm like structures in these S0s is then a mere consequence of
a major merger, i.e. this is a phase during the merger episode. The peculiar
kinematical features, e.g. gas-stars counter rotation in NGC 3626, depends
on the halos initial impact parameters. Furthermore, our simulations allow
to follow, in a fully consistent way, the transition of these S0s through the
green valley in the NUV−r vs. Mr colour magnitude diagram, which they
cross in about 3-5 Gyrs, before reaching their current position in the red
sequence. We conclude that a viable mechanism driving the evolution of S0s
in groups is of gravitational origin.
Keywords: Galaxies: evolution, Galaxies: interactions, Galaxies:
individual: NGC 3626, NGC 1533, Method: numerical
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1. Introduction
The investigation of the co-evolution of galaxies and groups in the nearby
Universe is of great cosmological interest since more than half of galaxies
reside in groups. Since the velocity dispersion of galaxies in groups is low, i.e.
comparable to the stellar velocity dispersion, mergers of galaxies are highly
favoured with respect to clusters. Nearby groups provide a close-up view of
phenomena driving the morphological and star formation (SF) evolution of
galaxy members before they fall into clusters (e.g Boselli & Gavazzi, 2006;
Wilman et al., 2009; Just et al., 2010).
Among open questions, the old controversy about the nature vs. transfor-
mation origin of S0 galaxies rises above the others. Since Es and S0s are the
typical inhabitants of nearby clusters, at expennse of Spirals (Sps), a debate
about the transformation of Sps into S0s in such environments arose.
The processes possibly driving the Sp→S0 transformation are, indeed, still
uncertain and debated (e.g. Bekki, 2009). They include feedback from AGN
(Schawinski et al., 2009) which may shut down SF, environmental effects
which reduce the HI reservoir of Sps, (Boselli & Gavazzi, 2006; Hughes &
Cortese, 2009; Cortese & Hughes, 2009) and the interplay between cold gas
flows and shock heating (Dekel & Birnboim, 2006). Wetzel et al. (2012) find
that galaxies in groups and clusters experience no significant environmental
effects until they cross within the virial radius of a more massive host halo.
Boselli & Gavazzi (2006) claim that the interaction with the intergalactic
medium is not the origin of the cluster S0s, which likely form by Sps through
gravitational interaction. Studying 116 X-ray selected galaxy groups at red-
shift 0.2-1, George et al. (2013) conclude that strangulation and disk fading
are insufficient to explain the observed morphological dependence on envi-
ronment, and that galaxy mergers or close tidal encounters must play a role
in building up the population of quenched galaxies with bulges seen in dense
environments at low redshift.
The comparison of clusters at z ≈ 0.1 - 0.2 with some at intermediate
distance, z ≈ 0.4 - 0.5, shows that a sort of morphological conversion in the
galaxy population from Sps→S0s took place about 1 - 4 Gyr ago (Fasano et
al., 2000). This transformation anti-correlates with the local density, i.e., in
low concentration clusters the transformation happened only about 1-2 Gyr
ago.
The effects of the possible galaxy morphological transformation manifest
themselves also in the nearly ubiquitous bimodal distribution of galaxies in
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the colour-magnitude diagram (CMD) (e.g. Strateva et al., 2001; Lewis et
al, 2002; Baldry et al., 2004). The red disk galaxy population should be the
result of transformations of the blue, late-type galaxies via mechanisms of
gas depletion and consequently of SF quenching. The galaxy transition from
star forming to quiescent, is highlighted by the presence of an intermediate
zone, the so–called green valley (GV), on CMDs (Martin et al., 2007; Wyder
et al., 2007; Fang et al., 2012). Investigating galaxies in the GV should shed
light on the mechanisms governing the on-off state of the SF. S0s in groups,
in particular, are key elements in identifying both the mechanisms and the
environmental influence on their possible transformation.
Although S0s are early-type galaxies (ETGs), so they are widely consid-
ered evolved “red & dead” galaxies, GALEX (Galaxy Evolution Explorer)
far-UV (FUV) and/or Hα images revealed signatures of on-going star forma-
tion in their disks in the form of outer blue ring/arm-like structures in some
of them. Salim et al. (2012, and references therein) show a wide collection of
these kind of galaxies. Signatures of ongoing (≈ 9+4
−3%) or recent (≈47
+8
−7%)
SF are also found in the nuclear regions of nearby ETGs (e.g. Rampazzo et
al., 2013).
The presence of a disk and the occurrence of SF in ETGs imply that cold
gas has played an important role in their evolution. In Figure 1 we show
the optical (left panels) and UV colour composite images (middle panel) of
examples of nearby S0s with outer ring/arm-like structures detected in the
FUV band: NGC 404 (Thilker et al., 2010), NGC 1533, NGC 2962, NGC 2974
(Marino et al., 2011a), and NGC 1317 (Gil de Paz et al., 2007). All the S0s
in Figure 1 are located in low density environments. These galaxies also have
cold gas, distributed either over the main body of the galaxy or forming large-
scale structures around the galaxy, as shown by HI contours over plotted in
the right panels of Figure 1.
The paper explores the evolution of these S0s, using SPH simulations ac-
counting for chemo-photometric evolution, i.e providing the SED at each
evolutionary time (snapshot). The SED takes into account chemical evolu-
tion, stellar emission, internal extinction and re-emission by dust in a self-
consistent way, as already described in MC03, Spavone et al. (2009, and refer-
ences therein), and Spavone et al. (2012). The SED extends over four orders
of magnitude in wavelength, i.e., from 0.1 to 1000 µm. Each simulation self-
consistently provides morphological, dynamic and chemo-photometric evolu-
tion.
Simulations of groups, focusing on galaxy morphological transformation
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Figure 1: Composite view of five S0s with outer ring/arm-like structures detected in the
FUV. From left to right: optical (left), UV two colours FUV (blue) and NUV (yellow)
composite images (mid), and HI distribution or contours (right), are shown on the same
scale. NGC 404 images are adapted from Thilker et al. (2010), NGC 1533, NGC 2962,
and NGC 2974 from Marino et al. (2011a), NGC 1317 from Gil de Paz et al. (2007). HI
images: NGC 1533 from Werk et al. (2010), NGC 1317 from Horellou et al (2001), NGC
2962 from Grossi et al. (2009), and NGC 2974 from Weijmans et al. (2008).
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Figure 2: Left: Optical (R-band) image of NGC 3626 with HI contours superposed.
Right: Optical (top) and Hα (bottom) images adapted from Haynes et al. (2000). The
ellipse has the dimension D25× d25 and is oriented along the optical major axis of the
galaxy; d25 is 1’.51 (NED).
have been approached with different techniques (e.g. Kawata & Mulchaey
(2008); Bekki & Couch (2011); Villalobos et al. (2012)). Kawata & Mulchaey
(2008) used a cosmological chemo-dynamical simulation to study how the
group environment affects the SF properties of a disk galaxy. Bekki & Couch
(2011), starting from already formed galaxies, show that Sps in group envi-
ronments can be strongly influenced by repetitive, slow encounters so that
galaxies with thin discs can be transformed into thick disks, and gas poor
S0s. Villalobos et al. (2012) perform 17 experiments in order to study the
general evolution of disc galaxies, composed of a stellar disc embedded in a
DM halo, within a group environment. This is modelled as an N-body DM
halo following a Navarro et al. (1997) density profile including a spherically
symmetric stellar component at its centre.
None of the quoted simulations explore the merger scenario combining the
chemo-dynamical code with evolutionary population synthesis (EPS) models
providing the galaxy SED at each evolutionary time (snapshot hereafter).
This upgrade in galaxy simulations is the novelty of this paper.
As a case study we focus on simulations of two S0s with ring/arm like
structures, detected in the far UV and/or narrow band optical images, im-
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Table 1: Structural, photometric and kinematics properties of NGC 1533 and NGC 3626
Name T Dist D25 re MB ∆Vgas
[Mpc] [kpc] [kpc] [mag] [km s−1]
NGC 1533 SB0− 26.1 ±1.9 10.3 1.6 -19.59 ±0.38 132.1 ± 6.3
NGC 3626 (R)SA(rs)0+ 11.0 ±0.8 22.3 3.3 -20.11 ±0.42 191.1 ± 5.3
mersed in extended HI emission, namely NGC 1533 (Fig. 1) and NGC 3626
(Fig. 2). Both galaxies are members of groups (Marino et al., 2013, 2011b).
NGC 3626, is located within the virial radius of USGC U376 (Ramella et
al. (2002), Mazzei et al. 2013, in prep.) and NGC 1533 is a member of the
Dorado group. They have extended SEDs, from FUV to far-IR (FIR), that
we will use, together with their B-band absolute magnitude, to constrain our
simulations. The detailed surface photometry and the 2D kinematical prop-
erties of the gas and stars of NGC 3626, also available from the literature,
will be a further constraint.
The SPH simulations best-fitting their global properties are selected over
a large grid of encounters from halos initially composed of DM and gas. In
addition, our simulations highlight the evolutionary path through the GV in
the CMD, of such galaxies.
The structure of the paper is as follows. Section 2 describes the observed
properties of NGC 3626 and NGC 1533. Section 3 provides the details of
our grid of SPH simulations. In Section 4 we compare the global measured
galaxy properties with the results of our simulations. Section 5 discusses
the galaxy evolution provided by the simulation focusing on the path of the
near-UV(NUV)/optical colours in the (NUV-r) vs. Mr CMD. In Section 6
we draw our conclusions.
2. Photometric and kinematic properties of NGC 1533 and NGC
3626
The relevant properties of NGC 1533 and NGC 3626 are summarized in
Table 1: columns 2 and 3 give the morphological type and the cosmological
distance from NED1; column 4 the apparent diameter corrected for galac-
tic extinction and inclination, D25, from HYPERLEDA
2, (Paturel et al., 2003);
1NASA/IPAC Extragalactic Database http://ned.ipac.caltech.edu
2http://leda.univ-lyon.fr1
6
column 5 the effective radius, re from the RC3 catalogue (de Vaucouleurs
et al., 1991), column 6 the absolute B-band magnitude derived from the
mean distance modulus computed from redshift-independent distance mea-
surements (NED), and column 7 the maximum rotation velocity corrected for
inclination from HYPERLEDA. D25 and re are reported in kpc using cosmology
corrected scales from NED with cosmological parameters H0=70 km/s/Mpc,
Ωmatter =0.27, Ωvacuum=0.73.
NGC 1533 is a SB0− in the RC3 catalogue (de Vaucouleurs et al., 1991),
a SB02(2)/SBa in the RSA catalogue (Sandage & Tammann, 1987), and a
(L)SB(rs)00 in the NED database. This latter classification implies a large
lens outside the bar and an inner ring (Laurikainen et al., 2006). Marino et
al. (2011a) found a prominent outer ring in the UV images extending from
39” to 80”, and consisting of young (≤200 Myr old) stellar populations. More
details on GALEX observations are given in Marino et al. (2011b). Werk et
al. (2010) found a large-scale distribution of HI around the galaxy, as shown
in Fig. 1. Ryan-Weber et al. (2003) reported HI arcs around the galaxy,
spanning from 2′ to 11′.7 outside the FUV ring, with a mass of 9.3 × 108 M⊙
(their Table A1). They concluded that the HI is most likely the remnant of a
tidally disrupted galaxy. This HI mass estimate increases by at least 6 times
adopting the distance in DeGraaff et al. (2007). From optical spectroscopy
in the central region of this galaxy, Annibali et al. (2007) derived an age
of 11.9±6.9 Gyr. DeGraaff et al. (2007) describes NGC 1533 as a galaxy
which is completing a transition from late to early type: it is red, but not
completely dead.
NGC 3626 is a lenticular galaxy with an outer (quite faint) ring (RLAT+..)
in the RC3 catalogue (de Vaucouleurs et al., 1991), a normal Sa in the RSA
catalogue (Sandage & Tammann, 1987) and a normal S0 galaxy in the NED
classification (Table 1). It has inner and outer rings starting from an arm-like
structure
Photometric (Sil’chenko et al., 2010; Afanesiev & Silc´henko, 2007; Lau-
rikainen et al., 2005) and kinematic observations (Ciri et al., 1995; Garc´ıa-
Burillo et al., 1998; Haynes et al., 2000) show that its structure and kinemat-
ics are quite complex. Figure 2 illustrates its wide scale and inner properties.
A wide dust-lane west of the nucleus is clearly visible within 1’ (Haynes et
al., 2000, their Fig. 5). Ionized gas and CO disks counter-rotate with respect
to stars (Ciri et al., 1995; Garc´ıa-Burillo et al., 1998). The stellar vs. ionized
gas velocity profiles are followed out to 45”, i.e., 0.5 R25 ∼6 kpc, and 30”
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respectively, on both sides of the galaxy (Haynes et al., 2000). HI VLA data
(Haynes et al., 2000) show that the cold gas extends about 3’ each side of the
optical nucleus. The HI kinematics confirms the large-scale decoupling of the
stars and gas. Evidence of an additional HI gas component co-rotating with
the stars is suggested by (Haynes et al., 2000), as hinted also in the 12CO map
by Garc´ıa-Burillo et al. (1998). 12CO emission is concentrated in a compact
nuclear disk of average radius r=12”. From R=20” to R=100” 12CO is not
detected, and the neutral gas content is largely dominated by HI. The HI
in the inner regions avoids the nucleus, where Hα emission dominates, but
follows closely the Hα outside (Haynes et al., 2000).
Laurikainen et al. (2005), from a Fourier analysis of the Ks-band image
of the galaxy, suggest the presence of a 40” long bar, and of an inner (<5”)
elliptical structure, likely a secondary bar or a disk structure with a twisted
(10◦) position angle with respect to the main disk. Sil’chenko et al. (2010)
find indications of two stellar disks. The inner dsik extends from 10” to 45”
with a scale length of 19”.8±0”.7 (i SDSS band), and the outer one has a
scale length of 21”±2”. The bulge is very compact with an effective radius of
2”.52±0”.05. Sil’chenko et al. (2010) derived an age younger than 2 Gyr in
the central part of NGC 3626, suggesting the occurrence of a recent accretion
episode.
The calibration of Bell (2003) and Hopkins et al. (2003) allows us to derive
the star formation rate (SFR) from the radio flux (1.4 GHz). Adopting a
luminosity distance of 26.1Mpc and the measure of Condon et al. (2002) at
1.4GHz, the SFR of stars more massive than 5M⊙ is ≃1.7 M⊙/yr. This
becomes 0.5 M⊙/yr using Cram et al. (1998) calibration.
3. The grid of SPH chemo-photometric simulations
Our SPH simulations of galaxy formation and evolution start from the
same initial conditions as described in Mazzei & Curir (2003, MC03 here-
after) and Curir & Mazzei (1999) i.e. a collapsing triaxial systems initially
composed of dark matter (DM) and gas in different proportions and different
total masses. In more detail, each system is built up with a spin parameter,
λ, given by |J||E|0.5/(GM0.5), where E is the total energy, J the total angular
momentum and G the gravitational constant; λ is equal to 0.06 and aligned
with the shorter principal axis of the DM halo. The triaxiality ratio of the
DM halo, τ = (a2 − b2)/(a2 − c2), where a > b > c, is 0.84 (Warren et al.,
1992).
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All the simulations include self–gravity of gas, stars and DM, radiative
cooling, hydrodynamical pressure, shock heating, artificial viscosity, star for-
mation (SF), feedback from evolved stars and type II SNe, and chemical
enrichment as in MC03 (and references therein). They provide the synthetic
SED at each evolutionary step, i.e., at each snapshot, accounting for evolu-
tionary population synthesis models. The SED takes into account chemical
evolution, stellar emission, internal extinction and re-emission by dust in a
self-consistent way, as described in previous works (Spavone et al. (2009) and
Spavone et al. (2012, and references therein)). This extends over four orders
of magnitude in wavelength, i.e., from 0.1 to 1000 µm. Each simulation self-
consistently provides morphological, dynamic and chemo-photometric evolu-
tion. The Initial Mass Function (IMF) is of Salpeter type with upper mass
limit 100M⊙ and lower mass limit 0.01M⊙ (Salpeter, 1955) as in Curir &
Mazzei (1999) and MC03. All the model parameters adopted here had been
tuned in previous papers where the integrated properties of simulated galax-
ies, i.e., colours, absolute magnitudes, mass to luminosity ratios provided by
different choices of model parameters after 15 Gyr, had been successfully com-
pared with those of local galaxies (see also Mazzei (2003); Mazzei (2004)). In
particular, from this IMF choice a slightly higher SFR arises compared with
the other possibilities examined; this allows for the lowest feedback strength,
and for the expected rotational support when disk galaxies are formed (Curir
& Mazzei, 1999; Mazzei & Curir, 2003). Moreover, as pointed out by Kroupa
(2012), its slope is almost the same as the Universal Mass Function which
links the IMF of galaxies and stars to those of brown dwarfs, planets and
small bodies (meteoroids, asteroids) (Binggeli & Hascher, 2007).
With respect to MC03, the particle resolution is enhanced here to 4-8×104
instead of 1-2×104, so there are 2-4×104 particles of gas and 2-4×104 of
DM at the beginning in each new simulation. Moreover the time separation
between the snapshots has been halved; it is now 37Myr. The gravitational
softenings are 1, 0.5, and 0.05 kpc respectively for DM, gas, and star particles.
A new large set of galaxy encounters involving systems with 1:1 and dif-
ferent mass ratios have been performed with the same initial conditions as
described in MC03. By seeking to exploit a wide range of orbital parameters,
we carried out different simulations for each couple of interacting systems
varying the orbital initial conditions in order to have, for the ideal Keplerian
orbit of two points of given masses, the first peri-center separation, p, equal
to the initial length of the major axis of the more massive triaxial halo down
to 1/10 of the same axis. For each peri-center separation we changed the
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eccentricity in order to have hyperbolic orbits of different energy. The spins
of the systems are generally parallel each other and perpendicular to the
orbital plane, so we studied direct encounters. Some cases with misaligned
spins have been also analysed in order to investigate the effects of the sys-
tem initial rotation on the results. For a given set of encounters with the
same orbital parameters we also examined the role of increasing initial gas
fractions.
4. Comparing data with models
From the grid of physically motivated SPH simulations, we isolate those
simultaneously best-fitting the global properties, i.e., the total SED, the B-
band absolute magnitude, and the photometric and kinematics properties of
NGC 1533 and NGC 3626, presented in § 2. The selected snapshot corre-
sponds to the best-fit age of the galaxy, given in the following.
We find that both the galaxies are well matched by the same simulation
at different evolutionary times.
The simulation consists of a merger of two triaxial collapsing systems
initially composed of DM and gas with mass ratio 2:1 and total mass 3.0×1012
M⊙. The starting point corresponds to 6×10
4 particles, 3×104 of gas and
3×104 of DM with a relative mass gas ratio of 0.1. The gas mass resolution is
107 M⊙, that of the DM particles ≈9 times larger. The spins of the systems
are equal (λ=0.06, MC03), perpendicular, and both aligned with the shorter
of their principal axes. The initial parameters of the encounter are reported
in Table 2. In particular the first peri-centre separation, p, corresponds to
1/10 of the major axis of the principal system, the orbit eccentricity is 1.3,
and the anomaly corresponds to 200◦. The variables r1, r2, v1, v2 in Table 2
are the initial positions and velocities with respect to the centre of mass of
the system of the two halos having masses M1 and M2.
In the following, we discuss in detail the comparison of our models with
the available data for the two galaxies discussed in §2.
4.1. NGC 3626
The galaxy age is of 11.5Gyr. The average stellar age within the effective
radius, re provided in Table 1, is 4.3Gyr and increases to 5.5Gyr within
R25 ≃ 3 re. These age estimates become younger if stellar ages are weighted
by the B-band luminosity: 3.4Gyr and 4.5Gyr respectively. In the inner
10
Table 2: Input parameters of SPH simulation of NGC 3626 and NGC 1533
p R1 R2 v1 v2 M1 M2 fgas
[kpc] [kpc] [km s−1] [km s−1] [1010M⊙] [1010M⊙]
101 273 546 52 104 200 100 0.1
regions, R ≤1.5 kpc, stars are younger than 2Gyr, in good agreement with
the findings of Sil’chenko et al. (2010).
The SFR, i.e. the mass of stars younger than 0.01Gyr, is 2M⊙/yr, in
agreement with the radio estimates given by Bell (2003) (see §2).
4.1.1. Photometric properties
Figure 3 compares the J-band image of NGC 3626 (top left panel) with the
XZ projection (top right panel) of the selected snapshot in the same band
with the same spatial scale. Our simulation well reproduces the observed
morphology.
The absolute B-band magnitude of the model, MB = −20.23, agrees with
the observed value reported in Table 1.
The entire SED is also well matched by our simulation at the selected
snapshot (Fig. 3, left bottom panel). The SED refers to the total fluxes of
the galaxy and extends from FUV to 160µm, i.e. over almost three orders
of magnitude in wavelength. UV band data are from Rifatto et al. (1995)
and FIR data, at 65, 90, 140, and to 160 µm 3, from AKARI/FIS Bright
Source Catalog (Yamamura et al., 2009). The predicted SED in the FIR is
composed of a warm and a cold dust component and includes PAH molecules
as discussed in Mazzei et al. (1992). Warm dust is located in regions of high
radiation field, i.e., in the neighbourhood of OB clusters, whereas cold dust is
heated by the general interstellar radiation field. The distribution of diffuse
radiation is the same as in the Milky Way (Mazzei et al., 1992), however
its intensity, I0=30 Ilocal, is almost four times higher than in normal spirals.
Therefore, the temperature distribution of the cold dust component peaks at
almost 25K instead of 20K as in the Milky Way. The warm dust temperature
is not well constrained since no data are available in the 20-60µm spectral
range. Our fit corresponds to a warm dust temperature of ∼55K and to
a warm-to-cold energy ratio of 0.23, as in Mazzei et al. (1992). Therefore,
365 and 160 µm are upper limits
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Figure 3: Top: 2.9’ ×2.9’ J-band image of NGC 3626 (left), and simulated J-band map
(right) on the same scale (resolution is 2”/px). Bottom left: Red solid line shows the
prediction of our model for NGC 3626, filled circles are data from FUV to NIR spectral
range NED, (blue) triangles in the FIR are from the AKARI/FIS Bright Source Catalog
(Yamamura et al., 2009); error bars account for band width and flux 3σ uncertainties.
Bottom right: J-band brightness profile (red solid line) of our simulated map and its
best-fit (dot–dashed line); dotted line shows the bulge distribution using a de Vaucouleurs
law with Re=8” and µJ (0)=15.8mag/arcsec
2; short-dashed line: the inner disk with scale
length 19.5” and µJ (0)=15.2mag/arcsec
2; long-dashed line: the outer disk with 55” and
17mag/arcsec2.
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the FIR SED is accounted for by the diffuse radiation of disk stars on dust
grains since cold dust provides about 80% of the FIR emission. This is not
surprising given the small bulge characterizing this S0 system: its bulge-to-
total light ratio is 0.25 (Laurikainen et al., 2005). The fraction of bolometric
luminosity of such a galaxy in the FIR is 34%,, similar to that expected for
Spirals and at least 10 times higher than the average of S0 galaxies (Mazzei
& De Zotti, 1994).
We derive the J band luminosity profile of our simulated image (Fig. 3
right, bottom panel) using the ELLIPSE package (Jedrzejewski, 1987) in IRAF.
To perform the best-fit of the surface brightness profile, we follow the strategy
adopted by Sil’chenko et al. (2010) using SDSS images (Sect. §2.). We derive
the inner disk extending from 7” to 50” with scale length 19”.5, in good
agreement with the cited paper, and the outer disk, beyond 50”, with larger
scale length, 55”. This is possible since our model is not background limited.
The central region is well matched by a de Vaucouleurs law, typical of a
bulge (Fig. 3). We point out that the J central surface brightness of our
outer disk is 17mag/arcsec2. This becomes 20.7mag/arcsec2 in the B-band
accounting for the intrinsic total colour, (B-J)≃3mag, and the average total
B-band internal reddening, 0.7mag (derived from our SED). This value is
well within the range assumed by the extrapolated central surface brightness
of spiral disks (see Phillipps & Disney, 1983).
All the photometric properties analysed, are well matched at the selected
snapshot of our simulation.
4.1.2. Kinematics
Figure 4 (left panel) shows the distribution of the different mass compo-
nents within 33 kpc, i.e., ≃10 re, at the selected snapshot. There is a large
amount of gas inside this radius, 8.5×109 M⊙. All this gas has a temperature
lower than 2×104K. Since the cooling time of the gas is much shorter than
the snapshot time range (0.037 Gyr), this amount represents the upper limit
of the mass of the coldest gas within the radius considered. In particular,
the mass of gas with temperature T≤104K, which marks more closely the
regions of SF, is 2×109 M⊙, in good agreement with the value of 1.1×10
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M⊙ given by Haynes et al. (2000, their Table 8).
Fig. 4 (right panel), shows the same XZ projection as in Fig. 3 with gas
contours over plotted. The disk of gas appears edge-on, rotating along the
X-axis, coplanar with the stars.
The rotation curve of the cold gas (i.e. T≤104K), is compared with the
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Figure 4: Left: Mass distribution inside a radius of 33 kpc ≃10 re centered on the V-band
galaxy centre: (red) solid line shows the DM mass, (blue) long-short dashed line stars,
(black) dotted line gas, and (cyan) dot-dashed line cold gas (T<104K). Right: 2’.9×2’.9
XZ projection in the J-band of the selected snapshot. The map has been normalized to
the total flux and includes 60 equally spaced levels spanning a contrast of 200; in the
colour scale, blue corresponds to the lower and red to the higher density contrast. Twenty
equally spaced levels showing the morphology of the cold gas are over plotted on the star
contours.
14
Figure 5: Rotation curve of gas (left) and stars (right) compared with our predictions.
Filled circles, binned within 4”, indicate gas measurements (left) by Ciri et al. (1995);
Haynes et al. (2000) and star data (right) by (Haynes et al., 2000); vertical bars show
the velocity dispersion of observations within each bin. Dashed lines indicate the velocity
dispersion of our snapshot, showing the range of model predictions.
observations of Ciri et al. (1995) and Haynes et al. (2000, P.A. 157 degrees)
in Fig. 5 (left panel). Both the data and the snapshot velocities are binned
to a spatial resolution of 4”. We emphasize that increasing the gas temper-
ature limit to 2×104K, the rotation curve rises to 25 kpc, in agreement with
the large disk, extending well beyond the optical radius of the galaxy (i.e.,
2.6×D25), detected by Haynes et al. (2000). Figure 5 (right panel) compares
the stellar velocity curve of our simulation, at the selected snapshot, with
observations (Ciri et al., 1995; Haynes et al., 2000).
Both the rotation curves well reproduce the observed ones within the
errors.
4.2. NGC 1533
The same simulation which best fits the global properties of NGC 3626,
also matches those of NGC 1533 at a snapshot 2.15Gyr older. This cor-
responds to a galaxy age of 13.7Gyr. The average stellar age within the
effective radius, re (Table 1), is 6.5Gyr and within R25(≃ 3 re), is 7Gyr.
These estimates become younger if the stellar age is weighted by the B-band
luminosity: 3.7Gyr and 6Gyr respectively. The B-band absolute magnitude,
MB = −19.89mag, agrees with the observed value reported in Table 1.
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The SFR, i.e. the mass of stars younger than 0.01Gyr, is 0.14M⊙/yr,
and the total SFR, i.e., the total mass of stars born within the snapshot
time-step, is 0.26M⊙/yr.
4.2.1. Photometric properties
Figure 6 (top panels) compares, on the same scale, the observed composite
FUV and NUV image (left) with the selected snapshot (right). Figure 6
(bottom left panel) presents both the observed SED of NGC 1533 and the
best-fit obtained from the selected simulation. The SED refers to the total
flux of the galaxy. FUV and NUV total magnitudes are derived from Table
3 of Marino et al. (2011b) and corrected for foreground galactic extinction
following prescriptions in NED (Fitzpatrick, 1999).
The entire SED is well matched at the selected snapshot. The predicted
FIR SED is composed of warm and cold dusts as discussed in Sect §4.1.1. The
intensity of the diffuse radiation field, I0=7Ilocal, is the same as in the Milky
Way (Mazzei et al., 1992). The warm dust temperature is well constrained
by MIPS data of Temi et al. (2009a) at 24 and 70µm. Our fit provides
a warm dust temperature of 52 K and a warm-to-cold energy ratio 0.15.
Therefore, also in this case, the SED in the FIR is accounted for by the
diffuse radiation field of disk stars on dust grains since cold dust accounts for
85% of FIR emission. As for NGC 3626, a small bulge characterizes this S0;
its bulge-to-total light ratio is 0.25 (Laurikainen et al., 2006). The fraction of
bolometric luminosity which comes out in the FIR, 10%, is 3 times less than
that expected for Sps but five times more than the average for S0s (Mazzei
& De Zotti, 1994; Mazzei et al., 1994).
The total mass of the galaxy inside D25 is 4.9×10
10M⊙ with a DM fraction
of 0.17, and a mass-to-light ratio in the B-band of 25.8M⊙/L⊙.
Figure 6 (bottom right panel) shows the distribution of the different mass
components at the selected snapshot within 16 kpc, i.e., ≃10 re. The mass of
cold gas, 1.0×109M⊙, is in good agreement with the findings by Ryan-Weber
et al. (2003), given in Sect. §2.
5. Insights into the evolution of NGC 3626 and NGC 1533
5.1. The (NUV-r) vs. Mr CMD
As discussed by Schawinski et al. (2007), (NUV-r) colour is an excellent
tracer of even small amounts (≃1% mass fraction) of recent (≤1 Gyr) star
formation. In this context, the (NUV-r) CMD has been used to study the
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Figure 6: Top: 5’×5’ colour composite UV (FUV blue, NUV yellow) image of NGC 1533
(left) and the simulated YZ projection FUV/NUV map (right), on the same scale. Flux
has been normalized to the total flux. The map includes 60 equally spaced levels with a
density contrast of 20. Bottom: FUV to far-IR SED of NGC 1533 (left); blue points are the
measured total fluxes from NED; error bars account for band width and 3σ uncertainties
of the flux; red line is the prediction of our model. Bottom right: Mass distribution inside
a radius of 16 kpc ≃10 re centered on the V-band galaxy centre (right); symbols are as in
the left panel of Fig. 4.
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effect of environment on the recent star formation history in large sets of
galaxies observed with GALEX (Salim et al., 2005).
Our approach allows us to understand how the galaxy transforms, i.e,
what is its evolutionary path in this diagram (Fig. 7).
The simulated galaxy gets to the blue sequence (Wyder et al., 2007) af-
ter 0.4Gyr from the beginning, and follows it for 7.2Gyr, when reaching its
maximum SFR (Fig. 8, left) and, correspondingly, its brighter Mr(AB) mag-
nitude. At this point of the evolution, only 12% of the galaxy bolometric
luminosity is absorbed and re-emitted in the FIR and the galaxy is about 2
magnitudes brighter in the B-band than at the age of our best-fit for NGC
3626, i.e., 11.5Gyr.
Figure 8 (left) shows that the total SFR fades as the gas fueling decreases
(right). Moreover, its active phase lasts 7.2Gyr, then the SFR turns off
within 1Gyr. Correspondingly, as shown in Fig. 7, the galaxy leaves the
blue sequence within 1Gyr. Then it crosses the GV to achieve the current
position of NGC 3626 in 3.4Gyr, and stays in the red sequence up to the end
of our simulation (≈14Gyr).
The effect of dust attenuation, i.e. the internal reddening, evaluated ac-
counting for an inclination angle of ∼60◦ (i.e. 56◦ for NGC 3626, and 64◦
for NGC 1533 (HYPERLEDA), does not modify this picture. The attenuation,
indeed, is quite negligible until the galaxy is 7Gyr old, due to the active role
of the SFR (Fig. 8, left) which reduces the cold gas (Fig. 8, right). The
internal reddening rises to A(NUV−r)=0.13 mag and Ar=0.07 mag at 8.1Gyr,
it increases to 0.52 and 0.30 mag respectively at 11.5Gyr, the age of NGC
3626, and reduces to 0.24 and 0.13 mag at 13.7Gyr, the age of NGC 1533.
The reddening is quite negligible at 14Gyr, the last point in Fig. 7. This
finding agrees with the value of attenuation for ETGs (Salim et al., 2005), i.e.
their attenuation decreases as their (NUV-r) colour becomes redder. More-
over, the amount of reddening we predict in the GV and red-sequence regions
of the CMD, agrees, within the errors, with the average value estimated by
Martin et al. (2007, and references therein) even if Martin et al. (2007) used
the Calzetti et al. (1994) law, whereas we adopt our own Galaxy extinction
law (Mazzei et al., 1992).
The simulation here does not predict strong oscillations in the GV, how-
ever different evolutionary paths in such a CMD are possible for early-type
galaxies, as will be discussed in a forthcoming paper (Mazzei et al. 2013, in
prep).
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Figure 7: The (NUV-r) vs Mr CMD of our simulation best-fitting the global properties of
NGC 3626 and NGC 1533. Dotted line shows its evolutionary path; filled squares mark
some meaningful evolutionary times in Gyr;(red) filled circles show the current position
of NGC 3626 and NGC 1533; arrows emphasize the reddening effect. The Wyder et al.
(2007) fits of the blue (cyan) and red (magenta) sequences are plotted including their error
bars.
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Figure 8: Left: The time-evolution of the total SFR. Right: (black) solid line shows the
evolution of the gas mass inside a radius of 50 kpc centered on the V-band luminous centre
of the galaxy; (blue) dashed line corresponds to the gas with temperature ≤2×104K, and
the (red) dotted line to the gas with temperature ≥ 106K.
5.2. Photometric evolution
Figure 9 compares, at three meaningful evolutionary ages, the isophotal
J-band brightness profiles (XZ projections) of the corresponding snapshots,
position angles and ellipticities as derived from simulated maps with the same
resolution as that in Fig. 3 (top right panel) and Fig. 4 (right panel). Taking
into account that our approach aims to reproduce the global properties of the
galaxy, not all the details, Figure 9 shows that a disk profile characterizes
the galaxy morphology at 7Gyr, when the galaxy is located on the blue
sequence of the CMD (Fig. 7). Therefore, accounting for results in Sect.
§4.1.1, a bulge progressively appears, and an outer disk is maintained during
the evolution, i.e., along the GV up to the red sequence. The position angle
of the isophotes changes with time, although it does not show any significant
twisting.
Table 3 summarizes galaxy predictions inside a region of 11 kpc, corre-
sponding to the R25 radius of NGC 3626, as a function of the ages reported
in column 1. We point out that the re of NGC 3626, as well as its R25, are
about twice those of NGC 1533 (Table 1). The galaxy properties reported
in Table 3 are: the average age of the stellar populations weighted by the
B-band luminosity, tgen (column 2), the total mass (column 3), the mass-
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Figure 9: Top: compares the J-band brightness profiles of our simulation at 7.2Gyr, when
the galaxy leaves the blue sequence (dotted line), at 11.5Gyr (solid line), i.e. the best-fit
age of NGC 3626, and at 13.7Gyr, the best-fit age of NGC 1533. All the profiles are
derived from the XZ projection of the corresponding snapshot with the same resolution as
in Fig. 3 (top right) and Fig. 4 (right). Middle: evolution of the position angle; symbols
are the same as in the top panel. Bottom: evolution of the ellipticity.
Table 3: Results within 11 kpc
galaxy age tgen Mtot M/LB fgas fDM
Gyr Gyr 1010M⊙ M⊙/L⊙
7.2 0.6 11.0 2.3 0.22 0.19
11.5 4.5 11.5 18.8 0.08 0.19
13.7 7.0 10.5 33.2 0.08 0.19
tgen: the average age of stellar population weighted on B-band luminosity
to-light ratio (column 4), the gas and DM mass fractions (column 5 and 6
respectively).
Table 3 provides the following picture. Inside the radius considered, the
DM is a low, constant fraction of the total mass, corresponding to less than
20%, during all the evolution. The gas fraction decreases at the age of the
best-fit of NGC 3626, then remains constant. It shows that the gas accretion
rate and the SFR balance themselves within the radius considered. The
mass-to-light-ratio increases with age following the decrease of the galaxy
luminosity in the B-band.
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6. Discussion and Conclusions
We are exploring the co-evolution of galaxies in groups combining multi
wavelength photometric and 2D kinematical observations (Marino et al.,
2013). S0s in groups are of particular interest since the possible transfor-
mation Sp→S0 may be tested in an environment physically different from
that of a cluster. We simulate the evolution of Sa/S0 galaxies showing SF in
ring/arm like structures both detected by Hα and/or FUV observations and
characterized by the presence of large-scale HI structures in and/or around
them.
These ETGs are not so uncommon in low density environments, like
groups. Serra & Oosterloo (2010) found that ≥ 25% of ETGs contain HI
at the level of M(HI)≥ 108 M⊙, i.e. that M(HI) is of the order of a few per
cent of the total stellar mass. Their HI interferometric observations revealed
very disturbed gas morphology/kinematics in a vast majority of the detected
systems, confirming the continuing assembly of many ETGs but also showing
that these are not necessarily gas free. They also find that all very disturbed
ETGs have a single-stellar-population-equivalent age < 4 Gyr.
Here we focus on two of such galaxies, NGC 3626 and NGC 1533. Our SPH
simulations allow us to derive dynamical and morphological information as
well as the SED extending over four orders of magnitude at each evolutionary
stage.
We find that the global properties of both NGC 1533 and NGC 3626 are
well matched by the same simulation, suggesting that their complex proper-
ties may be explained in the framework of galaxy encounters. In the specific
case the driver of both the photometric and kinematics peculiarities of NGC
3626 and NGC 1533 is a major merging episode. The merger occurs from
haloes initially composed of DM and gas with mass ratio 2:1, total mass
3×1012M⊙, and gas fraction 0.1. Star forming ring/arm like structures ob-
served in the galaxy disk are features arising in the latter stages of the merger
episode which starts after 3.5Gyr from the onset of the SF. These features
arise when the galaxy is almost 8Gyr old, following the head-on collision
driving the evolution of our systems (Moiseev & Bizyaev, 2009). NGC 3626
is 11.5Gyr old, and NGC 1533 13.7Gyr old. Their FIR SED is dominated
by the emission of cold dust, heated by the diffuse radiation field which rep-
resents, in both the cases, at least 80% of the total FIR emission. Moreover,
the fraction of bolometric luminosity which comes out in the FIR spectral
range is five times and ten times larger for NGC 1533 and NGC 3626 respec-
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tively, than the average for S0 galaxies (Mazzei & De Zotti, 1994). Using
new AKARI/FIS catalogue data (Yamamura et al., 2009), we conclude that
NGC 3626 is characterized by almost the same FIR fraction as the Milky
Way, i.e. 30% (Mazzei et al., 1992).
Our chemo-photometric SPH simulations, including evolutionary popu-
lation synthesis models, allow us to trace, in a fully consistent way, the
evolutionary path of NGC 3626 and NGC 1533 in the (NUV-r) - Mr CMD.
The transition from the blue sequence, along which these galaxies evolved for
about 7-8 Gyr, across the GV and before they became mature and red ETGs,
lasts about 4-5 Gyr. Fasano et al. (2000) noticed that a sort of morphological
conversion in the cluster galaxy population from Sp→S0 took place about 1
- 4 Gyr ago. This estimate agrees with the time scales of our simulations.
Excursions into the GV from the red sequence, driven by the acquisition of
fresh gas for star formation (Thilker et al., 2010), are not expected in the
evolutionary picture characterizing these two galaxies, but are possible along
different evolutionary paths (Mazzei et al. 2013, in prep). The global prop-
erties found for NGC 1533 and NGC 3626 arise from the same evolutionary
framework already explored in Bettoni et al. (2012): a merging episode with
a gas rich companion.
Several mechanisms have been proposed to explore transformation of Sp→S0
in groups, from strangulation (Kawata & Mulchaey, 2008), to repetitive slow
encounters (Bekki & Couch, 2011) both grabbing gas from Sp, quenching star
formation and suppressing arms. Our results show that another mechanism
of gravitational origin, the merging of two haloes, is a viable mechanism to
generate S0s today found in the red sequence, in agreement with suggestions
by Boselli & Gavazzi (2006) and George et al. (2013).
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